Phase transitions in hot and dense matter and the in-medium behavior of pseudoscalar mesons (π ± , π 0 , K ± , K 0 ,K 0 , η and η ′ ) are investigated, in the framework of the three flavor Nambu-Jona-Lasinio model, including the 't Hooft interaction, which breaks the U A (1) symmetry. Three different scenarios are considered: zero density and finite temperature, zero temperature and finite density in a flavor asymmetric medium with and without strange valence quarks, and finite temperature and density. It is found that the appearance of the strangeness degree of freedom above 3.8ρ 0 , in matter with β equilibrium, is related to meaningfully changes in the behavior of observables, as compared to the low density region.The behavior of mesons in the T − ρ plane is analyzed in connection with possible signatures of restoration of symmetries.
Introduction
Understanding the behavior of matter under extreme conditions is nowadays a challenge in the physics of strong interactions. Different regions of the QCD phase diagram are object of interest and major theoretical and experimental efforts have been dedicated to the physics of relativistic heavy-ion collisions looking for signatures of the quark gluon plasma [QGP] [1, 2, 3] . Special attention has also been given to neutron stars which are a natural laboratory to study matter at high densities.
There are indications from Lattice QCD that the transition from the hadronic phase to the quark gluon plasma is probably associated to the transition from the NambuGoldstone realization of chiral symmetry to the Wigner-Weyl phase. While the phase transition at zero chemical potential and finite temperature is accepted to be second order or crossover, the phase transition with finite chemical potential and zero temperature is expected to be first order. Experimental and theoretical efforts have been done in order to explore the µ − T phase boundary. Recent Lattice results indicate a critical "endpoint", connecting the first order phase transition with the crossover region, at T E = 160 ± 35MeV , µ E = 725 ± 35MeV [4] . Understanding the results of experiments at BNL [2] and CERN [3] provides a natural motivation for these studies. The rich content of the QCD phase diagram has been recently explored in the direction of high density and cold matter, that can exist in neutron stars, where a color locked phase with kaon condensates is expected to occur [5, 6] .
Restoration of symmetries and deconfinement are expected to occur at high density and /or temperature. In this concern, the study of observables of pseudoscalar mesons is particularly important. Since the origin of these mesons is associated to phenomena of spontaneous and explicit symmetry breaking, its in-medium behavior is expected to carry relevant signs for possible restoration of symmetries. As a matter of fact, the QCD Lagrangian has 8 Goldstone bosons in the chiral limit, associated with the dynamical breaking of chiral symmetry. In order to give a finite mass to the mesons, chiral symmetry is broken ab initio by giving current masses to the quarks. The inexistence of a ninth Goldstone boson in QCD, contrarily to the predictions of the quark model, is explained by assuming that the QCD Lagrangian has a U A (1) anomaly. The U A (1) symmetry can be explicitly broken by instantons, which has the effect of giving a mass to η ′ of about 1 GeV. So the mass of η ′ has a different origin than the masses of the pseudoscalar mesons and this meson cannot be regarded as the remanent of a Goldstone boson. On the other side, the U A (1) anomaly causes flavor mixing, which has the effect of lifting the degeneracy between η and π 0 . So a percentage of the η mass comes from the U A (1) symmetry breaking.
So far as the restoration of symmetries is concerned, there are two possible scenarios [7] : only SU(3) chiral symmetry is restored or both, SU(3) and U A (1) symmetries, are restored. The behavior of η ′ in medium or of related observables, like the topological susceptibility [8] might help to decide between these scenarios. A decrease of the η ′ mass in medium could manifest in the increase of the η ′ production cross section, as compared to that for pp collisions [9] .
Studies on the behavior of flavor asymmetric matter at high densities are relevant for understanding heavy ion collisions and the physics of neutron stars. An interesting problem is the behavior of the charge multiplets of mesons [10] . These charge multiplets, that are degenerated in vacuum or in symmetric matter (ρ u = ρ d = ρ s ) are expected to have a splitting in flavor asymmetric matter. In particular, the masses of kaons (antikaons) would increase (decrease) with density and a similar effect would occur for π − and π + in neutron matter.
A slight raising of the K + mass and a lowering of the K − mass [11, 12, 13, 14, 15] seems to be compatible with the analysis of data on kaonic atoms [16] and with the results of KaoS and FOPI collaborations at GSI [17, 18] . From the theoretical point of view, the driving mechanism for the mass splitting is attributed mainly to the selective effects of the Pauli principle, although, in the case of K − , the interaction with the Λ(1405) resonance plays a significant role as well, in the low density regime [12] .
Effective chiral quark models are useful tools to explore the behavior of matter at high densities or temperatures. The Nambu-Jona-Lasinio [NJL] [19] type models have been extensively used over the past years to describe low energy features of hadrons and also to investigate restoration of chiral symmetry with temperature or density [11, 19, 20, 21, 22, 23, 24] .
The NJL model is an effective quark model where the gluonic degrees of freedom are supposed to be frozen and, besides its simplicity, has the advantage of incorporating important symmetries of QCD, namely chiral symmetry. Since the model has no confining mechanism, several drawbacks are well known. It should be noticed, for instance, that the η ′ mass lies above theqq threshold. The model describes this meson asqq resonance, which would have the unphysical decay inqq pairs, and the definition of its mass is unsatisfactory. For this reason, it has been proposed that, in order to investigate the possible restoration of U A (1) symmetry, instead of M η ′ , the topological susceptibility χ, a more reliable quantity in this model, should be used [8] .
The behavior of SU(3) pseudoscalar mesons in hot matter has been studied within the framework of NJL model in [25, 26, 27, 28] . Different studies have been devoted to the behavior of pions and kaons at finite density in flavor symmetric [20, 21] or asymmetric matter [21, 29, 30] .mesons in hot and dense matter has been investigated in [33] . This paper is devoted to investigate the phase transition in hot and dense flavor asymmetric matter and the in-medium behavior of the SU(3) pseudoscalar mesons, in the framework of the SU(3) Nambu-Jona-Lasinio model including the 't Hooft interaction, having in mind to look for manifestations of restoration of symmetries. Special attention will be given to η and η ′ mesons in hot and dense matter. There is not much information about the behavior of these mesons in medium, although, concerning the η meson, the recent discovery of mesic atoms might provide useful information in this concern [34] .
We present the model and formalism in the vacuum (Section 2) and at finite density and temperature (Section 3). We will present and discuss our results for the phase transition (Section 4) and meson behavior in three scenarios: finite temperature and zero density; zero temperature and finite density in a flavor asymmetric matter with and without β equilibrium (Section 5). Finally, the meson properties in hot and dense matter are investigated in Section 6. In Section 7 we draw our conclusions.
Model and Formalism
The NJL model with three quarks can be described by the Lagrangian
Here q = (u, d, s) is the quark field with three flavors, N f = 3, and three colors, N c = 3. I. The explicit symmetry breaking part in (1) contains the current quark massesm = diag(m u , m d , m s ). The last term in (1) is the lowest six-quark dimensional operator and it has the SU L (3) ⊗ SU R (3) invariance but breaks the U A (1) symmetry. This term is a reflection of the axial anomaly in QCD. For the general reviews on the three flavor version of the NJL model see Refs. in [19, 26] .
Using the definition of the determinantal part, we can rewrite the Lagrangian (1) as:
with summation over a, b, c = (0, 1, 2, . . . , 8). The constants D abc are such that they coincide with SU(3) structure constants d abc , for a, b, c = (1, 2, . . . , 8) , and
. To obtain a four quark interaction we make a shift (qλ a q) −→ (qλ a q)+ < qλ a q >, where <qλ a q > is the vacuum expectation value, and contract one bilinear (qλ a q). The Lagrangian can be written as:
where we have introduced projectors
The hadronization procedure can be done by the integration over quark fields in the functional integral. It gives the following effective action:
The notation Tr stands for the trace operation over discrete indices (N f and N c ) and integration over momentum. The fields σ a and ϕ a are scalar and pseudoscalar meson nonets.
The first variation of the action (6) leads to the gap equation,
with i, j, k = u, d, s cyclic. M i are the constituent quark masses. The flavor mixing occurs through g D which is the manifestation of the chiral anomaly in the initial Lagrangian. The quark condensates are determined by
where S i (p) is the quark Green function. To calculate the meson mass spectrum, we expand the effective action (6) over meson fields. Keeping the pseudoscalar mesons only, we have the effective meson action
with Π ab (P ) being the polarization operator, which in the momentum space has the form,
where tr D is the trace over Dirac matrices. The expression in square brackets (9) is the inverse non-normalized meson propagator D −1 ab (P ). The residue of the propagator gives the meson masses and determines the quark-meson coupling constants. To find the meson masses, we use the rest frame, P = 0, and the condition (1 − P ij Π ij (P 0 = M, P = 0)) = 0. Taking the trace in (10), we have for the non-diagonal π and K mesons
in terms of divergent integrals
and
where E i,j = p 2 + M 2 i,j is the quark energy. To regularize the integrals we introduce the 3-dimensional cut-off parameter Λ. When P 0 > M i + M j it is necessary to take into account the imaginary part of the second integral. It may be found with help of the iǫ -prescription
2 dp
with the momentum:
2 )/2P 0 and the energy:
The quark-meson coupling constants are evaluated as
where M is the mass of the bound state containing quark flavors i, j.
Having the on-shell quark meson coupling constant (15), we can calculate the meson decay constant f M according to the definition
To consider the diagonal mesons π 0 , η and η ′ we take into account the matrix structure of the propagator in (9) . In the basis of π 0 − η − η ′ system we write the projector P ab and the polarization operator Π ab as matrices:
The non-diagonal matrix elements
In the case <q u q u >=<q d q d > the preceeding form of the matrices is reduced to
with
Analogously, we get
where
Defining the orthogonal matrix
we may find the η − η ′ mixing angle θ via the condition to diagonalize D −1
To find masses M η and M η ′ , we use the inverse propagators
with A = P 88 − ∆Π 00 (P ), C = P 00 − ∆Π 88 (P ), B = −(P 08 + ∆Π 08 (P )) and ∆ = P 00 P 88 − P 2 08 . In the rest frame, D −1
The mixing angle θ can be calculated by tan2θ = 2B/(C − A). The coupling constants are determined by (15) . Note that from (15) we have the quantities g 0η , g 8η and g 0η ′ , g 8η ′ .
Using these coupling constants we may calculate
The coupling constants g η ′ū u and g η ′s s may be evaluated in the same way by the replacement M η → M η ′ (for more details see for example [35] ). The model is fixed by coupling constants g S , g D in the Lagrangian (1), the cutoff parameter Λ which regularizes momentum space integrals I From the condition m u = m d we see that all π -mesons are degenerated (P 11 = P 22 = P 33 ) as well as
We also have
• , g η ′ū u = 13.4, g η ′s s = −6.72. For the quark condensates we have:
, for the constituent quark masses.
In this section we have described SU(3) mesons, in the vacuum, within the NJL model with U A (1) term. The anomaly term is given in a determinantal form. The model describes well the vacuum properties related with chiral symmetry and its spontaneous breaking including their flavor dependence. The effect of anomaly term is examined for the η − η ′ system.
The model at finite temperature and chemical potential
Now we generalize the NJL model to the finite temperature and chemical potential case. To do it we apply the Matsubara technique. It can be done by the substitution
where β = 1/T , T is the temperature and the sum is done over Matsubara frequencies ω n = (2n + 1)πT , n = 0, ±1, ±2, . . ., so that p 0 −→ iω n + µ with a chemical potential µ. Instead of integration over p 0 we have now the sum over Matsubara frequencies which can be evaluated
where f (z) andf (z) are the Fermi distribution functions for quarks and antiquarks:
As 1 −f (z) = f (−z), we introduce, for convenience, the Fermi distribution functions of the positive (negative) energy state of the ith quark:
Applying these formulas we can write the integral (12) as:
The integral I ij 2 (P ) depends now on the temperature T and two chemical potentials µ i , µ j which are appropriated to quark flavors
For the case i = j, with imaginary part, we have the expression
Having these integrals as functions of the temperature and chemical potentials we can investigate the meson properties in hot/dense matter.
First we analyze the mesonic behavior at finite temperature and vanishing chemical potentials. Although such a study was already performed in [25, 28] , it is pertinent to present the results here for the sake of comparison with our new findings at finite temperature and density, to be presented in next sections. Figure 1 shows the T -dependence of π and K mesons masses as well as of 2M i at µ = 0. One can see that at low temperature the masses of mesons are lower than the masses of their constituents. In this case the integrals I temperature T M for these mesons. For our set of parameters the mesons become unbound at T M ≈ 200 MeV. Above the Mott temperature we have taken into account the imaginary parts of the integrals I ij 2 (P 0 , T ) and used a finite width approximation [27, 28] . One can see that Mott temperatures for π and K mesons are approximately equal. Figure 2 shows the temperature dependence of the M π , M η and M η ′ mesons. For comparison, the curve of 2M u is also indicated. As we mentioned before the η ′ -meson is unbound. One can also see that T M η < T M π .
The phase transition
To study the equilibrium state we consider the thermodynamic quantities: the thermodynamic potential, the internal energy and entropy.
The thermodynamic potential has the following form:
and contains the internal energy:
the entropy: 
and the number of the ith quark N i :
V is the volume of system. The quark density is determined by the relation ρ i = N i /V . In (42) the masses m i and M i are the current and constituent quark masses (see (7)), respectively. The equilibrium state can be determined as the point where the thermodynamical potential (41) takes the minimum with the quark condensates <q i q i > as the variational parameters.
The nature of the phase transition in NJL models at finite T and/ or µ has been discussed by different authors [11, 24, 26, 32, 36] . At zero density, the phase transition is a smooth crossover, at non zero densities different situations can occur. In order to discuss this question we use the expression for the pressure at given temperature which is connected with the thermodynamical potential through the definition:
We consider systems of flavor asymmetric matter and will discuss only the case of quark matter simulating neutron matter in β equilibrium (which will be specified in detail in next section); the situation is qualitatively similar in other kinds of asymmetric matter [11] . We found numerically that for vanishing temperature the pressure (45) as a function of the density has one minimum. This implies that the phase transition described in this model is a first order one since there is a region where the pressure and/or compressibility are negative. The results are presented in Figure 3 where we have plotted the pressure in terms of ρ n /ρ 0 , where ρ n is the neutron matter density and ρ 0 = 0.17 fm −3 is the normal nuclear density. One can see that with increasing temperature, the phase transition becomes second order above T > T cl = 56 MeV. The point T = 56 Mev, ρ n = 1.53ρ 0 , where the pressure is already positive and the compressibility has only one zero, is identified, as usual, as the critical endpoint, that connects the first order and the second order phase transition regions. Note that, the absolute value of T cl depends very much on the set of parameters. Below this temperature there is a range of densities (ρ n < 2.25ρ 0 ) where the pressure is negative meaning that the system is in a mixed phase: a low density (ρ l n ) phase with massive quarks and a high density (ρ cr n ) phase with light quarks of (partially) restored chiral symmetry (see also [11, 24, 30] ). In order to get a better insight on the nature of the phase transition in hot and dense matter, we plot in Figure 4 a) the pressure in the T − ρ plane. The region of the surface with negative curvature corresponds to the region of temperatures and densities where the phase transition is first order.
By using a convenient parameterization [28] , it is found that ρ l n ≃ 0, at T = 0. The model may then be interpreted as having a stable hadronic phase-droplets of light u , d quarks with a density ρ cr n = 2.25ρ 0 surrounded by a non-trivial vacuum and, above the critical density, a quark phase. As a matter of fact, the energy density of the quark system has two minimum, corresponding to the zeros of the pressure, the minimum at ρ cr n = 2.25ρ 0 being an absolute minimum [24] .
We can also illustrate the degree of restoration of chiral symmetry in different flavor sectors by plotting the constituent quark masses in the T − ρ plane. In Figure 4 b) (see also [26] ) one can see a clear manifestation of the restoration of chiral symmetry for the light quarks that is indicated by the pronounced flatting of the surface with increasing temperature and density. Figure 4 c) shows a more smooth behavior of the strange quark, which reflects the well known fact that chiral symmetry is poorly restored in the strange sector.
Mesons in asymmetric matter

Matter with/without beta equilibrium
Our main concern is to study the behavior of mesons in asymmetric quark matter with strange quarks in chemical equilibrium maintained by weak interactions and with charge neutrality, that is supposed to exist in the interior of neutron stars. In order to understand the role of the strangeness degree of freedom, we will also show results for the case of matter without β equilibrium, that might be formed temporarily in heavy-ion collisions. In the first case there are the following constraints on the chemical potentials of quarks and electrons:
and on charge neutrality:
We should note that if the chemical potential of the electron exceeds the rest mass of the muon (µ e > M µ ) it becomes energetically favorable for an electron to decay into a µ − via the weak process:
and we can have a Fermi sea of degenerate negative muons. Consequently, we should have 2 3
However we have µ max e = 95.7 MeV < M µ . So, we will not have muons and we can use the condition (47).
The numerical results for the dynamical quark masses and chemical potentials are plotted in Figure 5 as functions of ρ n /ρ 0 . As shown in [24] , chiral symmetry is partially restored in the SU(2) sector, the u and d quark masses decreasing sharply. Due to the 't Hooft contribution in the gap equations, the mass of the strange quark decreases smoothly and, in matter with β equilibrium, it becomes lower than the chemical potential only at densities above ρ ′ s = 3.8ρ 0 . A more pronounced decrease is then observed, which is due to the presence of s quarks in this regime. Strange valence quarks are not allowed in matter without β equilibrium since its mass is always higher then the chemical potential. As we will show in the sequel, the presence of strange valence quarks is related to a change in different observables in the high density region, as compared to the low density. One interesting fact to be noticed is that there is a tendency to the restoration of flavor symmetry, as the density increases. In fact, the chemical potentials µ d = µ s and µ u become closer, and consequently, µ e decreases.
Behavior of pions and kaons
One of our aims is to discuss what can in-medium pseudoscalar meson properties tell us about possible restoration of symmetries. If to discuss U A (1) symmetry it is enough to study neutral mesons, this is not sufficient if one wants to study also chiral symmetry, specially in the strange sector. As it was shown in last section, the occurrence of the strange quark degree of freedom in matter in weak equilibrium leads to a partial restoration of SU(3) symmetry, although weaker that in SU(2) sector. Strangeness enters explicitly in the structure of η, η ′ , but also in that of kaons, and influences the behavior of pions through the 't Hooft interaction. So, in order to have a comprehensive view of restoration of chiral symmetry we have to include the study of pions and kaons. Hadronic systems created in realistic heavy-ion collisions are strongly interacting. Many-body excitations may carry the same quantum numbers of the hadrons under investigation and, therefore, influence hadron properties in medium. Other many-body effects, such as the Pauli principle, lead to modifications of hadronic properties, as well. How these effects are related with partial restoration of chiral symmetry is a new and unsolved problem in many-body physics. As it will be shown in the sequel, both effects are present in the behavior of the flavor multiplets of pions and kaons.
Let us analyze the results for the masses of K + , K − , K 0 ,K 0 and for π + , π 0 , π − , that are plotted as functions of ρ n /ρ 0 in Figures 6-8 . In order to understand these results, it is useful to look for the limits of the Dirac and of the Fermi sea continua ofqq excitations with the quantum numbers of the mesons under study. They can be obtained by inspection of the meson dispersion relations, and are plotted in Figures 7-8 (dashed point lines) :
s is the lower limit of the Dirac continuum, and
are the upper and lower limits of the Fermi sea continuum with λ i the Fermi momentum of the quark i. We do not show the corresponding limits for the pions because, in the range of densities studied, the pion modes remain outside the continuum. An interesting feature in NJL model is that two kinds of solutions may be found for mesons: one corresponding to excitations of the Dirac sea modified by the presence of the medium, and the other one which is an excitation of the Fermi sea [20, 21, 32] . Let us analyze first the Dirac sea excitations. We observe the expected splitting between charge multiplets: the increase of the masses of K + , K 0 and π − with respect to those of K − ,K 0 and π + is due to Fermi blocking and is more pronounced for kaons than for pions because there are u and d quarks in the Fermi sea and therefore there are repulsive effects due to the Pauli principle acting on π + . In matter with β equilibrium, there is a range of densities, 2.25ρ 0 − 4ρ 0 , were the antikaons enter in the Dirac continuum but, when the degrees of freedom of the strange quark become important, there is a sharp increase of ω ′ and decrease of ω up and the antikaons turn again in bound states. The difference between the behavior of mesons in matter with and without strange valence quarks (respectively right and left panel of Figures 6-8 ) is more evident for kaons than for pions, as expected, since the strange degree of freedom for pions only contributes explicitly through the projector P ab (see Eq. 5), whether for kaons it contributes through its quark structure. The dominant effect is the reduction of the splitting between the kaon and anti-kaon masses, which is a combination of many-body effects and restoration of chiral symmetry in SU(3) (Figures 7-8) .
Lets now analyze the other type of solution, which we denoted by the subscript S. Below the lower limit of the Fermi sea continuum of particle-hole excitations there are low bound states with quantum numbers of K − ,K 0 , π + , respectively. Inspection of the strength located in these modes show that above 4ρ 0 the antikaon low energy modes became less relevant, that is, their degree of collectivity is lower [32] . For the case of pions, the low energy mode is less relevant and exist only for ρ n = ρ cr n , merging in the Fermi sea continuum afterwards. We notice that when the 't Hooft interaction is not included [21] or in SU(2) model [22] the low energy mode for pions is more relevant. Those low energy modes only appear associated to a first order phase transition. As a matter of fact, it was shown in [11, 30] that in the NJL model including vector mesons, where a second order phase transition occurs, the splitting between the excitations of the Dirac sea is more pronounced and the low energy solutions do not appear.
Finally, some remarks are in order concerning our results. Below the critical density the system is in a mixed phase, therefore, there is no clear definition of hadron masses, that is why we plotted the masses as dotted lines in this region (they should be understood as average values, meaningful only from a qualitative point of view). Moreover, it is clear that a Fermi sea of quarks is certainly not a good description of nuclear matter in the confined phase, and the results in that region within NJL models should be taken with caution. The results for the high density region are more reliable, since at such densities the quarks are supposed to be deconfined and a Fermi sea of quarks is a reasonable description of matter in that region. However, our results should be understood as a starting point for further refinements, since it is known that in matter of high density and low temperature the system might undergo one or more phase transitions. For instance, neutron matter found in neutron stars could be unstable at a few times the normal nuclear density ρ 0 against the condensation of kaons in a color locked phase [5, 6] , with interesting consequences on the structure of neutron stars and exotic phenomena. This is out of the scope of the present paper, but work in this direction is in progress. As we can see, the η ′ -meson lies above the quark-antiquark threshold for ρ n < 2.5ρ 0 and it is a resonant state. After that density, the η ′ becomes a bound state. Concerning the masses of η and η ′ they exhibit a tendency to became degenerate but there are no clear indications of restoration of U A (1) symmetry. After the critical density they split again, the splitting being more pronounced in the case of neutron matter without β equilibrium. As it will be shown in the sequel, the in-medium behavior of the masses of η , η ′ essentially reflects the tendency to restoration of chiral symmetry. In order to understand the difference between the results in matter with or without β equilibrium, in the high density region, it is convenient to study the in-medium behavior of the mixing angle, θ, that is plotted in Figure 10 . As it is well known, the quark content of η and η ′ depend on the mixing angle in the form: 
Although in NJL model the angle θ is a function of the meson masses, and in fact we have two angles, θ(m η ) and θ(m ′ η ), we think it is illustrative to plot here θ(m η ), which will give us a qualitative understanding of the evolution of the quark content of η. Above ρ ≃ 3.5ρ 0 the angle becomes positive and increases rapidly and the strange quark content of the mesons, y = (ūu +dd)/ss, changes: at low density, the η ′ is more strange than the η but the opposite occurs at high density. A similar behavior of the mixing angle with temperature was found in the framework of the σ model [37] . So, if there are no strange quarks in the medium (what implies that the strange quark mass is almost unaffected), the η mass should stay constant in the region of densities where its content is dominated by the strange quark. This explains the larger splitting between η and η ′ in the left panel of Figure 9 [33] .
Finally, we add some remarks on the approximations made in the study of η , η ′ in medium. Let us focus again in the projector P ab and Π ab (17) . The non-diagonal elements which describe the mixing of π 0 − η and of π 0 − η ′ are proportional to <q u q u > − < q d q d > for P ab and to J uu (P 0 ) − J dd (P 0 ) for Π ab . Since our aim is to study the effects of quark matter simulating neutron matter, this quantity is non zero in the medium. Therefore it is necessary to check if the violation of isospin symmetry in the medium is relevant for mesonic behavior. In studies on the η → 3π in the vacuum [38] , a problem which is out of the scope of the present paper, the mixing matrix used is an element of O(3) and may be represented in terms of the angles θ , ǫ , ǫ ′ . The angle θ describes the mixing η − η ′ and arises from the mass difference between the strange and non strange quarks which breaks SU(3), while ǫ , ǫ ′ account for isospin breaking effects, driven by the
To first order in isospin breaking, the relation between the components of the fields π 0 , η , η ′ and ϕ 3 , ϕ 0 , ϕ 8 is the following:
For the sake of simplicity, we use the same approach as in [39] and neglect the effects of the mixing with ϕ 3 in the expressions of η , η ′ . The orthogonal transformation matrix used to obtain the inverse meson propagators is therefore:
The results obtained show that the contributions from the η − π 0 and η ′ − π 0 mixing are negligible, so we did not take them into account.
Mesons in hot and dense matter
As it has been discussed in Section 4, the phase transition in hot and dense matter becomes second order above T cl ∼ 56 MeV. Below this temperature the system has a mixed phase where a low density region of broken chiral symmetry coexists with a high density region of partially restored chiral symmetry. The critical temperature and density is taken as the point of the second zero of the pression. Above T cl we have always a quark phase where the chiral symmetry restoration occurs smoothly. Here we define the critical point as the temperature and density where the pion becomes unbound (Mott transition point). Since the model has no confinement, the system is unstable against expansion, but, in spite of these drawbacks, we think it is illustrative to plot the mesons masses as functions of temperature and density. We consider here only the case of neutron matter in β equilibrium.
As already discussed in 5.2, in order to discuss possible restoration of symmetries, it is important to study the mesons that have phenomena of symmetry breaking at their origin, whether it is chiral or U A (1) symmetry. As it will be shown, the dominant effect found in our results is the restoration of chiral symmetry.
A first conclusion is that there are differences in the mesonic behavior as compared to the zero temperature case discussed in last section, where we have seen that some mesons are still bound states in the chiral restored phase. Here, similarly to finite temperature and zero density case, theqq threshold for the different mesons is at the sum of the constituent quark masses, so the mesons dissociate at densities and temperatures close to the critical ones.
A second feature to be noticed is that the mesons that are remanents of Goldstone bosons show more clearly the difference between the chiral symmetric and asymmetric phase. The slight differences of behavior inside each flavor multiplet are due to manybody effects. It can be seen in the diagrams that there is a "line" separating the regions of the surface corresponding to broken and restored chiral symmetry. This is very clear for the case of pions ( Figure 11 ) and kaons ( Figure 12 ) and is also apparent for the η. A more smooth behavior is found for η ′ (Figure 13 ), as expected, since this meson is not a remanent of a Goldstone boson associated with spontaneous chiral symmetry breaking.
Finally we notice that, as soon as the system heats, and since very low temperatures, the low energy modes stay always inside the low continuum and, unlike the zero temperature case, they do not become bound states. 
Summary and conclusions
To conclude and summarize, in the present paper we have investigated phases transitions in hot and dense flavor asymmetric matter and the in-medium behavior of the SU(3) pseudoscalar mesons, in the framework of the SU(3) Nambu-Jona-Lasinio model including the 't Hooft interaction, which breaks the U A (1) symmetry. Three scenarios were considered: i) zero chemical potential and finite temperature, ii) zero temperature and finite chemical potential in two types of flavor asymmetric matter and finally iii) finite temperature and density.
Although in the three cases we found partial restoration of chiral symmetry (the restoration would be complete only in the limit of vanishing current quark masses) different features occur in several observables.
Concerning case i) we mainly reproduce results obtained by other authors [26] , which are important to compare with situations ii) and iii) which bring our original contribution. The main feature is the dissociation of mesons at the Mott transition point that occurs when the meson masses equals the sum of the masses of their constituents. After that point, which sets the threshold of theqq continuum, the mesons cease to be bound states and become resonances. Concerning the masses of η and η ′ , they exhibit a tendency to became degenerate but there are no clear indications of restoration of U A (1) symmetry.
New features occur at zero temperature and finite density, in flavor asymmetric medium (ii)). In order to discus the nature of the phase transition we plot the pressure versus baryonic density. For a suitable choice of the parameters we have a mixed phase which may be interpreted as the system having a hadronic phase with partially restored chiral symmetry embedded in a non trivial vacuum. After the critical density we have a quark phase. Before the critical density we do not have a clear definition of density and masses, we can only talk of average values. Concerning the masses of the mesons, there is a splitting between the flavor multiplets and, for kaons and pions low energy modes, with quantum numbers of π + , K − andK 0 appear. Concerning η and η ′ , they show a tendency to become degenerate up to the critical density. After that point they split again, the splitting being more pronounced in the case of neutron matter without β equilibrium, which is related with the change of the strangeness content of the mesons. In neutron matter with β equilibrium the systems shows a tendency to the restoration of flavor symmetry, which is related with the presence of strange quarks in the medium that occurs at about ρ ∼ 3.8ρ 0 . Theqq continuum starts at M 2 i + λ 2 i , which implies that some meson are still bound states in the quark phase.
In situation iii), hot and dense matter, the phase transition becomes second order above the critical end point T = 56 MeV, ρ = 1.53ρ 0 , the system having a mixed phase before that point. Since the model has no confinement, the system is unstable against expansion. In spite of these drawbacks we also plot the mesonic masses in this situation, which may give us an insight of its behavior. In this case, theqq continuum turns again to be at the sum of the constituent quark masses. By plotting the meson masses we see there is a line along which the curvature of the surfaces changes, indicating the partial restoration of chiral symmetry. Beyond that line, the mesons become resonances. Another new finding is that the low energy modes do not exist as bound states but merge in the Fermi seaqq continuum. Although the mass of the η ′ decreases this does not allow to conclude that U A (1) symmetry is restored.
